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No  study  has  investigated  BDNF  or  CREB  modulation  in rat  brains  after  acute  psychological  stress.
We  hypothesize  that  BDNF  and  CREB  may  both  be implicated  in  response  to stress  in an associated  way.
The  BDNF  and  CREB  pathways  are  involved  in the  psychological  stress  response.
The  BDNF  and  CREB  pathways  may  protect  the  organism  from  stress-induced  aversive  processes.
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a  b  s  t  r  a  c  t
Psychological  stress  affects  human  health,  and chronic  stress  leads  to life-threatening  diseases,  such as
depression  and  post-traumatic  stress  disorder.  Psychological  stress  coping  mechanisms  involve  the brain-
derived neurotrophic  factor  (BDNF)  and  downstream  cAMP  response  element  binding  protein  (CREB),
which  are  targets  of  the adverse  effects  of stress  paradigms.  Fourty-seven  adult  male  Sprague-Dawley
rats  were  divided  into  control,  physical  stress  and  six  psychological  stress  groups  which  were  assayed
at  0  h, 0.5 h, 1 h, 2 h,  6 h  and  24  h after  communication  box  (CB)  stress  induction.  Behavioral  assessment
using open  ﬁeld  and  elevated  plus  maze  tests  determined  that  CB  stress  signiﬁcantly  increased  anxiety.
After  CB  stress,  the alternation  of  mRNA  levels  of  BDNF  and CREB  were  assessed  at  different  time  points
by  in  situ  hybridization.  The  mRNA  levels  of  BDNF  and  CREB  were  signiﬁcantly  decreased,  then  gradually
recovered  over  24  h  to maximum  levels  in  the  hippocampus  (CA1  region),  prefrontal  cortex  (PFC),  cen-
tral amygdaloid  nuclei  (AG),  shell  of accumbens  nucleus  (NAC),  periaqueductal  gray  (PAG)  and  ventralommunication box
n situ hybridization
tegmental  area,  except  for the  ventral  tegmental  area  (VTA).  Moreover,  mRNA  levels  of BDNF  and  CREB
were  positively  correlated  in all  examined  brain  regions,  except  for the  VTA  region  at  0 and  24  h  after
CB  stress  induction.  These  ﬁndings  suggest  that  BDNF  and  CREB  may  belong  to  the  same  pathway  and
be  involved  in psychological  stress  response  mechanisms,  and  protect  the organism  from  stress  induced,
g  to d
rs.  Puaversive  processes  leadin
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1. IntroductionSince there is the prevalence of stress in modern life currently,
the relationship between psychological stress and human health
has become an important clinical issue. Although short-term mod-
erate psychological stress probably enhances the adaptive ability
 article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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f subjects to cope with life stress events, long-lasting excessive
sychological stress can induce different mental disorders as many
revious studies have conﬁrmed [1–3]. The changes of neurochem-
cal and neuroendocrine, as well as the immunological reaction,
ave been demonstrated to alter brain function and structure under
sychological stress by many reports [1,4–7], indicating that the
rocesses underlying these changes are involved in the pathogenic
onsequences of psychological stress. Therefore, the investigations
or the molecular mechanisms underlying psychological stress are
elpful for the improvement of psychological stress-related dis-
ases.
BDNF plays key roles for central nervous system (CNS) devel-
pment and the maintenance of mature CNS functions [8]. The
xpression level of BDNF can be regulated in various brain regions
nder social defeat stress, such as the mesocorticolimbic brain
eward areas [9–12]. Additionally, recent evidences indicated that
DNF is associated with the alterations of psychological stress and
ynaptic plasticity [13–15], suggesting BDNF may  be involved in
rotective, neural adaptation to the effects of stress in the brain.
CREB was described as one of the components in the down-
tream of the signaling pathways of the BDNF stress response
16,17]. Some stressful stimulators can induce the phosphoryla-
ion of CREB at serine-133 site by means of an intracellular signal
ransduction pathway [18–20]. The phosphorylation of CREB subse-
uently results in the transcriptional regulation of c-fos, c-jun, and
cl-2, which play important roles in the processes of regeneration,
urvival and neuron repair [21–23]. Interestingly, nerve growth fac-
or (NGF) activates CREB through phosphorylating serine-133 in
REB by a Ras-dependent protein kinase, thereby modulating the
ranscription of immediate early genes (IEGs), such as c-fos [24–26].
hus, some growth factors, including BDNF, NGF, and CREB may  be
nvolved in the molecular signaling pathways for the protection of
he CNS after stress-induced injury.
Although several stress animal models had been established
or exploring the potential protective functions of BDNF and CREB
nder psychological stress, including electric foot shock, restraint,
mmobilization and forced swimming, all these stress models are
hysical stress models, which stimulated by a physical compo-
ent. To evoke purely psychological stress, a communication box
CB) paradigm has been developed to investigate the psychological
tress without physical stress interference [27]. In the CB, rats in a
isible, central compartment receive a foot shock (physical stress
ats, sender rats), while rats in surrounding compartments (psy-
hological stress rats, responder rats) do not receive a foot shock,
ut can communicate freely with the sender rats. Thus, comparing
ith other physical stress models, the CB paradigm exhibits as the
etter tool for studying the molecular mechanism of psychological
tress.
In this study, the CB paradigm was performed as the animal
odel for studying the relationship between psychological stress
nd the expression levels of BDNF and CREB in stress-response
ignaling pathways. We  examined the dynamic range of BDNF
nd CREB mRNA levels at different time points and in different
physical stress response”-associated brain regions, as deﬁned by
revious studies [28–35]. We  hypothesized that in the CB psycho-
ogical stress model, BDNF and CREB likely play the same roles in
egulation and maintenance of homeostatic plasticity in neuronal
etworks as in a physical stress model [20].
. Materials and methods.1. Ethics statement
This study was carried out in strict accordance with the recom-
endations in the Guide for the Care and Use of Laboratory Animalsers 624 (2016) 34–41 35
of Central South University. The protocol was  approved by the Com-
mittee on the Ethics of Animal Experiments of The Second Xiangya
Hospital, Central South University (No.2005-99).
2.2. CB paradigm
A CB apparatus was  modiﬁed from a previously reported proto-
col [27]. The CB is characterized by the complete removal of physical
stimuli from the responder rats. Psychological stress in the respon-
der rats is induced solely by communication between the responder
rats and the sender rats. The apparatus used for this study con-
sisted of a box with wooden walls that measured 60 cm in width,
60 cm in length and 44 cm in height. The ﬂoor of the apparatus con-
sisted of a grid of stainless steel rods, 5 mm in diameter and spaced
1 cm apart, center to center. The box interior was divided into nine
compartments with transparent Plexiglas walls. Each compartment
measured 20 cm in length and width and 44 cm in height. Each Plex-
iglas wall had a single hole (6 cm from the ﬂoor, 2 cm in diameter).
An electric shock (1.5–2.2 mA)  was delivered to the ﬂoor of the
“center” “sender rat” compartment with a shock generator. A thick
insulated plate was  placed on the ﬂoor of the “responder rat” com-
partments to prevent foot shock. The animals placed in the sender
rat compartment responded to foot shocks with squeals, jumps,
piloerections and defecation. The animals in the responder rat com-
partments were inﬂuenced by the visual, auditory and olfactory
response of the senders, but they did not receive any direct physical
stimuli.
2.3. Animals and experimental design
Sixty ﬁve adult male Sprague-Dawley (SD) rats (inbred strain,
Animal Center, The Second Xiangya Hospital, Central South Uni-
versity, China) weighing 180–220 g were used for all the following
experiments. Animals were housed four animals per cage in stan-
dard polycarbonate cages with free access to food and water, with
a 12/12 h light/dark cycle and a temperature-regulated environ-
ment (23 ± 1 ◦C). The animal care and experimental protocols were
approved by the ethics committee of the Xiangya Medical College,
Changsha, China.
47 Rats were randomly divided into eight groups as follows: (1)
naïve control group (n = 6), in which rats received no stress or other
obvious interference in an separate room; (2) physical stress (foot-
shock, sender) group (n = 5), in which rats received a stress stimulus
in the form of a foot-shock; (3) psychological stress (responder)
groups (n = 36, subdivided into six groups of six rats for each time
point, 0 h, 0.5 h, 1 h, 2 h, 6 h and 24 h post CB stress procedures) in
which rats received a stress stimulus via communication with the
sender rats suffering foot-shock induced stress.
The sender rats were subjected to daily conﬁnement in the CB
for one h (8:00–9:00 am)  for two  consecutive days, during which
they were given 60 foot shocks (1.5–2.2 mA, 5 s/per trial; interval:
55 s). The sender rats responded to the foot shock stimulus with
squeals, jumps, piloerections and defecation. Sender rat responses
were perceived by responder rats via visual, auditory and olfac-
tory means, resulting in psychological stress. Eight responders
were placed in the CB for each sender, and these responders were
included in the psychological stress group at speciﬁc time points
after CB stress induction. The rats in the naïve group were placed in
a separate room for one hour daily for two  consecutive days. They
were not subjected to stressful stimuli or any other obvious inter-
ference, with the exception of 1 h of testing in the open ﬁeld and
elevated plus maze paradigms during the ﬁrst day.For the stressful behavior assessment, 18 rats (physical
group = 6, psychological group = 6, control group = 6) were specially
used to assess the quantitative level of stressful responder behav-
ior, such as anxiety level. Open ﬁeld and elevated plus maze tests
36 G. Li et al. / Neuroscience Letters 624 (2016) 34–41
Fig. 1. BDNF mRNA expression at different time points after stress induction in selected brain regions of the psychological stress group. After psychological stress induction
(PS),  BDNF mRNA expression negatively correlated with the gray intensity values quantiﬁed from ISH analysis of different brain regions in AG (A), CA1 (B), PFC (C), NAC (D),
PAG  (E), and VTA (F) at 0 h, 0.5 h, 1 h, 2 h, 6 h and 24 h, respectively. Con = naïve control group, PS = psychological stress group. Data are presented as mean values ± SE. Data
were  analyzed by Student’s t-test for two independent samples.
Table 1
Comparison of open ﬁeld and elevated plus maze behavioral test between the control, physical and psychological stress groups.
Groups control (n = 6) physical stress (n = 5) psychological stress (n = 6) F P
Open ﬁeld test
peripheral square crossings 55.80 ± 14.54 21.60 ± 22.99ac 47.60 ± 20.87ab 12.21 0.00
central square crossings 7.00 ± 3.47 4.20 ± 3.26ac 6.00 ± 3.43ab 2.37 0.043
grooming frequency 13.40 ± 5.01 5.80 ± 2.35ac 7.00 ± 2.69ab 16.69 0.00
Elevated plus maze test
closed arm entries 4.80 ± 3.42 3.00 ± 2.26a 3.00 ± 1.73a 3.21 0.037
closed arm time (s) 234.40 ± 24.93 260.60 ± 46.28ac 268.20 ± 31.54ab 3.77 0.031
open  arm entries 4.43 ± 2.36 2.23 ± 1.38ac 3.14 ± 1.78ab 4.06 0.026
open  arm time (s) 65.60 ± 24.93 39.43 ± 21.25ac 45.80 ± 24.53ab 6.05 0.015
D with t
c
w
i
m
sata are presented as means ± SD. Q test (Newman–Keuls) ap < 0.001 compared 
ompared with the psychological stress group.ere used to evaluate the quantitative behavioral indexes, includ-
ng peripheral square crossing, central square crossing, etc. We also
easured the behavioral indexes in the control group by using the
ame procedure. Before stress stimulus, open ﬁeld and elevatedhe control group; bp < 0.001 compared with the physical stress group; cp < 0.001plus maze tests were performed to assess the baseline behavioral
indexes of three groups to examine the effect of novelty environ-
ment on the rats, the results indicated that there was no signiﬁcant
behavioral index difference among these three groups. After two
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onsecutive days stimulus, we assessed the stressful behavioral
ndexes of the physical group, psychological group and naive con-
rol group, the assessment method is the same to the rats used
o examine the alternation of mRNA levels of BDNF and CREB in
arious brain regions, as the following procedure.
For the determination of mRNA levels of BDNF and CREB in
arious examined brain regions, the rats in the physical and psy-
hological stress groups were then analyzed by in situ hybridization
ISH) at different time points (0 h, 0.5 h, 1 h, 2 h, 6 h and 24 h) after
he induction of physical or psychological stress for two consecu-
ive days. As the negative control, the mRNA levels of BDNF and
REB in various brain regions were also measured in the rats of
aïve control group at 0 h by analyzing gray intensity of ISH.
.4. Open ﬁeld test
The open ﬁeld test consists of a rectangular arena 100 × 100 cm
ith 40 cm-high side walls [36]. The arena (25 equal squares of
0 × 20 cm)  was divided into a peripheral area and a square cen-
er area. Behavioral parameters were recorded for 5 min  after the
nduction of psychological stress in the CB paradigm. Behavioral
arameters included the number of peripheral and central square
rossings (with all four feet on one square) and grooming frequency.
.5. Elevated plus maze test
The plus maze test was conducted as ﬁrst described by Hand-
ey and Mithani [37], with some modiﬁcations. The plus-maze was
ade of wood, with two opposite open arms, 50 × 10 cm without
ny walls and two opposite closed arms of the same size with 40-
m-high sidewalls and an end wall. The arms were connected by a
entral platform 10 × 10 cm.  Marked lines divided both open arms
nto three equally sized sections. Marked lines also separated the
entral platform from all arms. The central platform and open arms
ormed the “open” part of the apparatus. The maze was  elevated
o a height of 50 cm from the ﬂoor. The apparatus was  illuminated
nder dim red lighting that was arranged to provide 40–60 lux in all
our arms. Open arm entry was counted when a rat crossed the line
etween the central arena and an open arm with all four paws. A
at was considered to have explored the open part of the apparatus
hen it had clearly crossed the line between a closed arm and the
entral arena with both forepaws. At the beginning of the test, the
at was placed on the central platform of the maze facing an open
rm. Behavioral measures were taken during the 5 min  immedi-
tely after CB stress induction. Behavioral measures included: (a)
ime spent in the closed part of the apparatus; (b) the number of
losed arm entries; (c) time spent in the open part of the apparatus;
nd (d) and the number of open arm entries.
.6. In situ hybridization (ISH)
The animals of each group were anesthetized (pentobarbi-
al sodium, 40 mg/kg, i.p.) and transcardially perfused with a
hysiological saline solution containing 4% paraformaldehyde
PFA). Brains were removed and ﬁxed in 4% PFA for 1 h at 37 ◦C,
nd then immersed in a 30% sucrose solution until they sank
ompletely. Coronal sections (30 m)  were cut in an AO HistoSTAT
ryomicrotome (American Optical, USA) at −20 ◦C. Sections con-
aining the CA1 region of the hippocampus (CA1), the prefrontal
ortex (PFC), the central amygdaloid nuclei (AG), the nucleus
ccumbens (NAc), the periaqueductal gray (PAG) and the ven-
ral tegmental area (VTA), as conﬁrmed by an anatomical atlas,
ere stored for further analysis. ISH was performed according
o the manufacturer’s protocol using BDNF and CREB mRNA
xpression detection kits purchased from Wuhan Boster Biological
echnology, Ltd. (Wuhan, China). The sequence of the BDNFers 624 (2016) 34–41 37
oligoprobe was: 5′-GCTGAGCGTGTGTGACAGTATTAGTGAGTG-
3′. The sequence of the CREB oligoprobe was: 5′
−TGGCTGGGCCGCCTGGATGACCCCATGGAC-3′. In brief, the ISH
protocol was  as follows: Brain sections were mounted on poly-l-
lysine coated slides, endogenous peroxidase was  inactivated, the
sections were pre-hybridized and then the sections were incu-
bated with BDNF and CREB oligoprobes (20 L digoxin labeled)
at 37 ◦C for 14 h. After washing, biotinylated mouse anti-digoxin
antibodies (50 L) were added and the sections were incubated
at 37 ◦C for 60 min. The tissues were then incubated for 20 min
with a streptavidin-biotin-peroxidase complex. After washing,
biotinylated peroxidase (50 L) was added and incubated for
another 20 min. Finally, the sections were developed, mounted
with a water-soluble mounting reagent and cover slips were
afﬁxed. All experimental procedures were performed under strict
RNase-free conditions, and all instruments and solvents were
completely sterilized.
Controls were arranged on adjacent sections to ensure the speci-
ﬁcity of the probe. Control sections were treated with RNAase,
followed by the ISH procedures described above in the presence
or absence of the oligonucleotides probe.
BDNF and CREB ISH signal quantiﬁcation was achieved with the
aid of a computerized video-imaging system (HPIAS-1000, Wuhan
Champion Image Engineering Co., Ltd., Wuhan, China) by determin-
ing the gray intensity of BDNF and CREB mRNA on each section for
each of the targeted brain regions (CA1 of hippocampus, PFC, AG,
NAc, PAG and VTA). Samples for each group were analyzed under
the same ISH conditions, with the same probe solutions and on the
same day. For each rat in each group, four brain sections represent-
ing each of the targeted brain regions were randomly selected, and
four ﬁelds from each section in each targeted brain region were
randomly selected for analysis. Gray intensity was  measured at the
same anteroposterior level in each of the targeted brain regions.
The gray intensity value reﬂected the relative mRNA level, and the
mRNA levels of BDNF and CREB were negatively correlated with the
gray intensity values.
2.7. Statistical analysis
Data from the open ﬁeld and elevated plus maze behavioral tests
were analyzed by one-way ANOVA, and a Q test (Newman–Keuls)
was used to compare the differences between the physical and psy-
chological stress groups. The CREB mRNA expression data from the
psychological stress (0 h and 24 h) and naïve control groups were
analyzed by one-way ANOVA, followed by the least signiﬁcant dif-
ference test (LSD). BDNF mRNA level in each targeted brain region at
each time point was analyzed using Student’s t-tests for two  inde-
pendent samples from each of the psychological stress groups and
the naïve control group. The relationship between BDNF and CREB
mRNA levels in each of the selected brain regions at each time point
was analyzed by bivariate correlation and expressed as Pearson’s
correlation coefﬁcient r. Data were analyzed using the Statistical
Software Package for the Social Sciences version 17.0 (SPSS Inc.,
Chicago, IL, USA), and were expressed as means ± standard devia-
tion (SD) or means and standard error (SE). p < 0.05 was considered
statistically signiﬁcant.
3. Results
3.1. Comparison of open ﬁeld and elevated plus maze behavioral
test between the control, physical and psychological stress groupsControl, physical and psychological stress groups were com-
pared using the open ﬁeld behavioral test, respectively (Table 1).
Either the physical stress group or the psychological stress group
3 ce Letters 624 (2016) 34–41
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Fig. 2. CREB mRNA expression at the 0 h and 24 h time points after stress induction
in selected brain regions of the psychological stress group. CREB mRNA expression
negatively correlates with the gray intensity values quantiﬁed from ISH analysis
of  different brain regions at 0 h and 24 h after psychological stress. Con = naïve
control group; PS0 = 0 h after psychological stress; PS24 = 24 h after psychological
stress; AG = central amygdaloid nuclei; CA1 = the CA1 region of the hippocam-
pus;  PFC = prefrontal cortex; NAC = nucleus accumbens; PAG = periaqueductal gray;
VTA = ventral tegmental area. Data are presented as mean values ± SE. Data were
analyzed by one-way ANOVA with post hoc pairwise comparison using the least
signiﬁcance difference test (LSD). #p < 0.05 compared with the naïve control group.
Table 2
Correlation between BDNF and CREB mRNA expression in different brain regions.
AG CA1 NAC FC PAG VTA
BDNF mRNA vs CREB mRNA
0  h 0.534a 0.547a 0.496a 0.562a 0.417b 0.378b
a a a a a8 G. Li et al. / Neuroscien
emonstrated crossed signiﬁcantly fewer peripheral, but not
entral, squares, and signiﬁcantly lower grooming frequency, com-
aring with the naïve control group (p < 0.001). In addition, the
hysical stress group crossed a signiﬁcantly reduced number of
eripheral squares comparing with the psychological stress group
p < 0.001).
Signiﬁcant differences were observed between these three
roups in the number of arm entries and time spent in arms in the
levated plus maze test (Table 1). After comparing with the behav-
ors of the rats from naïve group or physically stressed group, we
ound that the signiﬁcant fewer entries in both closed and open
rms (p < 0.05), a remarkable reduced amount of time in the open
rms, and an obvious increased amount of time in the closed arms
n the rats from physically stressed group (p < 0.05). The similar
henotypes of the behaviors analysis were founded between the
hysically stressed rats and the psychological stressed rats. More-
ver, the psychological group has signiﬁcantly fewer closed arm
ntries and spent more time in the closed arms, comparing with
he naïve group (p < 0.05). Besides, the psychological group also dis-
layed a tendency for fewer arm entries and spent less time in the
pen arm when compared with naïve group, whereas the obvious
ehavioral differences were not observed yet. Furthermore, accord-
ng to the previous reports, either open ﬁeld test or elevated plus
aze test can evaluate the anxiety level in the behavior examina-
ion [38]. Table 1 indicated that the higher anxiety level in physical
nd psychological stress groups, whereas the lower anxiety level in
ontrol group. Thus, all these results indicate that the CB psycholog-
cal stress model can also effectively induce abnormal behavioral
esponses, such as elevated anxiety levels, when compared with
he control and physical stress groups.
.2. The co-alternation of BDNF and CREB mRNA level in selected
rain regions in the psychological stress group
The quantiﬁcation of BDNF mRNA level in AG, hippocampal CA1,
FC, NAC, PAG, and VTA brain areas were measured by the analysis
f gray intensity of ISH images from the control or psychological
tress group (Fig. 1 and Supplementary Fig. 1). The psychological
tress group exhibited much higher level of gray intensities in all
rain regions immediately after stress induction as compared with
he control group, indicating the decreased BDNF mRNA level at
 h after psychological stress induction (t = 5.05, p = 0.05). However,
he differences of the gray intensity in the various examined brain
egions from the rats of the psychological stress group were not
educed at 30 min  but at later time points, compared with those
rom the control group. Two hours after stress induction, no statistic
ifference of BDNF mRNA level was observed between the psycho-
ogical stress group and the control group in all examined regions
f the brain (0 < t < 0.49, p > 0.05). More interestingly, BDNF mRNA
evel increased 6 h after psychological stress in all examined brain
egions (t > 3.67, p < 0.05), except for the VTA region, which showed
educed BDNF mRNA levels. The highest levels of BDNF mRNA level
ere observed in almost all brain regions 24 h after stress induction
t = 6.12, p < 0.05), except for the VTA region. In general, ISH quan-
iﬁcation revealed reduced BDNF mRNA level immediately after
tress induction, a gradual recovery during the ﬁrst 2 h and peak
xpression levels at 24 h in all of examined brain regions, except
or the VTA region.
CREB mRNA quantiﬁcation using ISH images of the AG, hip-
ocampal CA1, NAC, PFC, PAG and VTA brain areas revealed
igniﬁcant differences between the psychological stress group and
he control group at the 0 and 24 h time points for each targeted
rain region (Fig. 2, F > 75.86, p < 0.05). Immediately after stress
nduction, CREB mRNA levels of all brain areas in the psycholog-
cal stress group were signiﬁcantly lower than those in the control
roup (post hoc LSD, p < 0.05). At 24 h, CREB mRNA levels of all brain24 h 0.521 0.493 0.527 0.513 0.453 0.167
Data are presented as Pearson’s correlation coefﬁcient r. ap < 0.01, bp < 0.05.
areas in the psychological stress group were signiﬁcantly higher
than those in the control group (post hoc LSD, p < 0.05). Besides,
further determinations were performed to conﬁrm the correlations
between the BDNF and CREB mRNA by analyzing the ISH intensities.
With the exception for the VTA region at the 24 h time point, BDNF
and CREB mRNA ISH intensities showed signiﬁcant correlation with
each other 0 and 24 h after stress induction in the psychological
stress group (Table 2). These results imply that a spatio-temporal
association exists between BDNF and CREB mRNA levels in all brain
regions studied, except for the VTA 24 h after psychological stress
induction. Notably, similar expression levels of BDNF protein were
also founded with immunohistochemistry staining in the examined
brain regions (Supplementary Fig. 1).
4. Discussion
In this study, we  used open ﬁeld and elevated plus maze tests
to investigate whether the CB stress model induces stress in exper-
imental animals. We  found that rats from the psychological stress
group showed higher anxiety levels when compared to control
rats. Besides, we revealed a stress-induced, dynamic BDNF mRNA
expression pattern in several brain regions, including the hip-
pocampal CA1, PFC, AG, shell of NAc, PAG and VTA, by using CB
stress model. Additionally, we  observed that the correlation of the
mRNA levels of BDNF and CREB in these regions. We  found BDNF
mRNA level was signiﬁcantly decreased immediately after psycho-
logical stress conduction when compared with the control group,
whereas BDNF mRNA level was  recovered slightly at 0.5 and 1 h
after stress induction, and recovered completely 2 h after stress
induction. Notably, BDNF mRNA level was signiﬁcantly increased
at 6 h and reached a maximum at 24 h. A similar CREB mRNA level
was observed immediately and 24 h after psychological stress con-
duction.
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Wigger and Neumann [39] found that psychological stress, in
he form of maternal deprivation, lowered the duration and fre-
uency of exploration by animals in the open-arms of the elevated
lus maze. Lershina and Shuikin [40] found that stress induced by
epriving animals of social communication decreased open-arm
ime in the elevated plus maze and reduced exploratory behavior
n the open ﬁeld test. Our results found that the increasing anxi-
ty levels using both the open-ﬁeld and elevated plus maze tests
fter the direct physical stress of a foot shock or the psychologi-
al stress of witnessing the foot shock reaction of another rat in
he CB model. However, it should be noted that the presently used
tressors have an overall inhibitory effect on rat behavior in the
pen-ﬁeld and raised plus maze, and do not solely inhibit behaviors
n the anxiogenic parts of the apparatus (center of the open-ﬁeld
nd open arms in the maze). Therefore, in addition to the observed
ncrease in anxiety (as measured by reduced activity in the anxio-
enic parts of the open-ﬁeld and maze), additional stress elicited
ehavioral processes may  be affecting the behavior in the periph-
ry and closed arms and contributing to the overall stress-induced
ehavior. Our results demonstrated that both the open-ﬁeld and
aised plus maze can evaluate the adverse effects of stress, such as
nxiety level (Table 1), which can induce the alternation of mRNAs
evels of BDNF and CREB in various brain regions. All our ﬁndings
ere consistent with the previous reports about the reaction of
ocial defeat stress [9–12].
Psychological stress, such as social loneliness or conditioned
ear, signiﬁcantly decreased BDNF mRNA levels in the hippocam-
us [41,42]. The rapid alternation of BDNF mRNA level under
sychological stress indicated that BDNF may  participate in imme-
iate stress reactions [43–45]. The stress-induced decrease in
DNF levels may  be involved in stress hormone impairment of
rain structure and function. Moreover, glucocorticoids, which are
nown to reduce cellular resilience, neurogenesis and cause neu-
onal atrophy and hippocampal volume reduction [46,47], may
e partly responsible for the decreased BDNF levels observed in
epression [48]. BDNF modulates synaptic structure and function,
articularly in the hippocampus, an important site for learning
nd memory. Deletion or inhibition of BDNF impairs long-term
otentiation (LTP) [49], a transcription-dependent form of synaptic
lasticity underlying learning and memory. Impairment of synap-
ic function was ameliorated by exogenous application [50] or
verexpression of BDNF [51]. It has also been suggested that boost-
ng BDNF activity in hippocampal-infralimbic circuits may  help
itigate disorders of learned fear [52]. All these evidences indi-
ated that BDNF may  play a protective role in psychological stress
rocesses. Therefore, it is important to understand the potential
nderlying mechanisms.
Binding to its receptor trkB leads to BDNF receptor dimer-
zation and autophosphorylation, and this, in turn, mediates the
ctivation of its tyrosine kinase activity. Activated trkB triggers a
umber of signal transduction cascades, including the MAPK path-
ay, the phosphatidylinositol 3-kinase (PI–3 K) pathway and the
hospholipase C-(PLC) pathway [24–26,53–55]. CREB is implicated
n the MAPK pathway, where BDNF activates the following signal-
ng cascade: BDNF → trkB → Ras → MEK1 → MAPK → ERK1/2 → P-
REB → Bcl-2. Therefore, BDNF protective activity may  depend on
timulating the expression of the anti-apoptosis protein bcl-3 via
ctivation of the MAPK pathway and CREB.
Contradictory results have been reported by previous studies
f the stress related expression of BDNF mRNA and its receptors,
rkB and p75, in different brain regions [56–59]. BDNF expression
ises signiﬁcantly in the hippocampus after traumatic events, such
s ischemia [60], hypoglycemia [61], epilepsy [62] and traumatic
rain injury [63]. In these cases, BDNF was considered to protect
eurons from the neurotoxic effects of stress. However, ﬁndings
lso vary with respect to BDNF mRNA level in the hippocampusers 624 (2016) 34–41 39
after physically induced stress. Marmigere et al. [32] and Fujihara
et al. [33] found that acute immobilization and sleeping stress
resulted in signiﬁcantly increased BDNF mRNA expression in the
hippocampus. In contrast, Adlard and Cotman [64] and Smith et al.
[65] found that acute immobilization stress decreased BDNF mRNA
expression in the dentate gyrus, and that BDNF expression in the
hippocampus was  reduced after long lasting stress or chronic stress.
Therefore, the mRNA level of BDNF is relative not only to the types
of stress conduction, but also to multiple events such as different
brain regions and the detected time point.
Interestingly, all of the examined brain regions exhibit a corre-
lation between BDNF and CREB expression, except for VTA regions.
BDNF and CREB may  both be part of the same signaling pathway in
all other brain regions, including limbic and prefrontal cortex struc-
tures, and may  respond to psychological stress in order to protect
the organism from stress-induced aversive processes. Berton et al.
[11] and Eisch et al. [66] have found that BDNF plays an opposite role
in VTA and in the hippocampus. More speciﬁcally, blockade of BDNF
exerts an antidepressant-like effect in the VTA-NA pathway, but has
an opposite effect in the hippocampus. However, further investiga-
tion is needed to investigate the discrepancy of the alternation of
mRNA level of BDNF and CREB between VTA region and other brain
regions after the induction of psychological stress. Furthermore, it is
conceivable that the dynamic BDNF mRNA expression we  observed
after inducing psychological stress implies that BDNF takes part in
psychological stress induced “heterostasis”, or the means by which
an individual tries to remove a stressor and regain the condition
of “homeostasis” that existed prior to the exposure to the stressor
[20,36]. However, this hypothesis will need to be addressed by our
future studies.
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